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ABSTRACT
We have cross-correlated the SDSS DR3 Schneider et al. (2005) quasar catalog with the XMM-
Newton archive. Color and redshift selections (g − r ≥ 0.5 and 0.9 < z < 2.1) result in a sample of
17 red, moderate redshift quasars. The redshift selection minimizes possible contamination due to
host galaxy emission and Lyα forest absorption. Both optical and X-ray information are required to
distinguish between the two likely remaining causes of the red colors: 1) dust-reddening and 2) an
intrinsically red continuum. We find that 7 of 17 quasars can be classified as probable ‘intrinsically
red’ objects. These 7 quasars have unusually broad MgII emission lines (<FWHM>=10,500 km
s−1), moderately flat, but unabsorbed X-ray spectra (< Γ >=1.66±0.08), and low accretion rates
(M˙/ ˙MEdd ∼ 0.01). We suggest low accretion rates as a a possible physical explanation for quasars
with intrinsically red optical continua. We find that 8 of 17 quasars can be classified as dust-reddened.
Three of these have upper-limits on the absorption column from X-ray spectral fits of NH = 3-13 x 10
22
cm2, while the other five quasars must be absorbed by at least NH = 10
23 cm2 in order to be consistent
with a comparably selected αox − luv distribution. Two objects in the sample are unclassified.
Subject headings: accretion disks — galaxies: active — quasars: general
1. INTRODUCTION
Until recently, quasars have typically been selected as
point-like objects with colors bluer than stars (e.g. U− B
< -0.44, Schmidt & Green 1983). This limited the possi-
ble spectral energy diagrams (SEDs) that known quasars
could have. A composite SED shows that quasars’ blue
colors are due to the Big Blue Bump (BBB) continuum
feature that dominates the optical and UV spectrum
(Malkan & Sargent 1982; Elvis et al. 1994). However,
surveys using different selection mechanisms discovered
that quasars can have red colors as well, indicating a
diminished or missing BBB. While in many cases, this
reddening is due to dust obscuration, some cases may be
due to changes in the accretion disk thought to power the
optical/UV continuum. We identify such a population in
this paper.
Red quasars were first discovered in the Webster et
al. (1995) sample of radio-loud quasars. Webster et al.
(1995) suggested dust-reddening as the cause of the red
BJ −K colors and estimated that red colors could cause
as much as 80% of the quasar population to go unde-
tected in existing optical surveys. Some 200 members of
a new population of red, radio-quiet quasars were discov-
ered in the near-infrared (1-2 µm) with the Two Micron
All Sky Survey (2MASS) by Cutri et al. (2002). The
space density of the red 2MASS quasars was found to be
at least equal to that of optical and UV-selected quasars.
Cutri et al. (2002) also suggested dust-reddening to ex-
plain the red colors of the 2MASS red quasars because
the near-IR color distribution is consistent with a red-
dening of AV = 1-5 magnitudes. In addition, ∼10% of
the predominantly radio-quiet sample is highly polarized
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(P > 3%) (Smith et al. 2002). Supporting this con-
clusion, Chandra and XMM-Newton observations of red
2MASS AGN find spectra that are either unusually hard
or absorbed by NH = 10
21-1023 cm−2 (Wilkes et al. 2002,
2005; Urrutia et al. 2005).
Unlike UV-excess based surveys, the Sloan Digital Sky
Survey (SDSS) allows detection of red quasars in the op-
tical band because the algorithm for selecting candidates
for spectroscopy uses a four-dimensional multicolor se-
lection criterion (Richards et al. 2003) similar to that
of the 2dF QSO Redshift Survey (Croom et al. 2004).
This allows the SDSS to select all objects lying out-
side of the stellar locus, including atypically red quasars.
Richards et al. (2003) explored the color distribution of
SDSS quasars and found that while a population of in-
trinsically red quasars exists, the majority of the red tail
of the color distribution is explained by dust reddening.
In a later study (Hopkins et al. 2004), the curvatures of
the SDSS spectra were found to be best-fit by a dust
extinction curve similar to that of the Small Magellanic
Cloud (SMC) (Prevot et al. 1984). However, only mildly
dust-reddened quasars can be detected (E(B-V) < 0.5)
in the SDSS before dust extinction causes them to drop
below the detection threshold of the survey (Richards et
al. 2003).
While dust-reddening is a common explanation for red
colors in quasars, other possible explanations include: (1)
host galaxy contamination, (2) absorption by the Lyα
forest, (3) optical synchrotron emission superimposed on
a normal, blue spectrum to create a red spectrum (Ser-
jeant & Rawlings 1996; Francis et al. 2000; Whiting et
al. 2001), and (4) an intrinsically red continuum. The
redshift selection in this paper minimizes contamination
via options (1) and (2).
X-ray observations used in conjunction with optical
information can constrain the amount of intrinsic ab-
sorption in a source, thereby allowing an investigation of
dust-reddened versus intrinsically red optical continua.
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Previous studies have found intrinsically red quasar can-
didates in addition to dust-reddened quasars. For exam-
ple, Hall et al. (2006) selected a sample of 12 red quasars
from the SDSS, but Chandra X-ray observations show
evidence for NH absorption (NH ∼ 10
22 cm−2) for only
4 of their 12 quasars. The other seven quasars show
no evidence for even moderate intrinsic absorption and
three of these show evidence for an intrinsically red op-
tical continuum.
In a similar vein, Risaliti et al. (2003) observed 16
optically-selected, X-ray weak quasars with Chandra.
While the sample was not selected to be red, the aver-
age color of the sample is redder than that of the parent
Hamburg Quasar Survey (∆(B−R) ∼ 1 vs. ∆(B−R) ∼
0.5). The X-ray weak quasars have a flat average photon
index, < Γ >= 1.5 (where Γ = -α + 1 for Fν ∝ ν
α)
and 12 of the 16 quasars have steeper optical-to-X-ray
indices than normal. (The optical-to-X-ray continuum is
characterized by αox = log(F2keV /Fuv) / log(ν2keV /νuv),
where F2keV and Fuv are the intrinsic flux densities at 2
keV and 2500 A˚, respectively (Tananbaum et al. 1979).)
While X-ray absorption remains a possibility, Risaliti et
al. (2003) argue that these quasars are intrinsically un-
derluminous in the X-rays. The evidence, however, is not
conclusive due to the low signal-to-noise for many of the
Chandra spectra.
Larger surveys including high quality optical and X-ray
spectra are now possible with the advent of the SDSS and
the XMM-Newton archive of X-ray observations, both of
which cover large areas of the sky. SDSS data can con-
strain dust-reddening in the optical, while XMM-Newton
observations constrain absorption in the X-rays. In this
paper we investigate the optical and X-ray properties of
17 red SDSS quasars. §2 introduces the data sources and
sample selection and §3 covers the optical and X-ray re-
duction and data analysis. In §4, we classify the quasars
as dust-reddened, intrinsically red or unclassified, and in
§5 we discuss low accretion rates as a possible explana-
tion for the steep optical/UV spectra of intrinsically red
quasars. We assume throughout the paper that H0 = 70
km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. SAMPLE SELECTION
2.1. Data Sources: SDSS & XMM Newton
The third version of the SDSS quasar catalog (Schnei-
der et al. 2005) is based on Data Release 3 (DR3), which
covers an area of 5,282 deg2 (Abazajian et al. 2005). The
quasar catalog contains 46,240 objects from the SDSS
that have: (1) 15.0 < i < 22.2; (2) Mi < -22.0; (3) at
least one emission line with FWHM greater than 1000
km s−1, or (4) unambiguous broad absorption line char-
acteristics. SDSS photometry in the u, g, r, i and z
bands covers 3,250 - 10,000 A˚. SDSS spectroscopy cov-
ers 3,800 - 9,200 A˚ (so the u band and part of the z band
lie outside the spectral range), with a spectral resolving
power of ∼ 2,000.
The SDSS DR3 quasar catalog overlaps with 1% of
the area of archival XMM-Newton observations. XMM-
Newton imaging is carried out by the three European
Photon Imaging Cameras (EPIC): MOS-1, MOS-2, and
pn (Turner et al. 2001; Strueder et al. 2001). The XMM-
Newton telescope is good for retrieving serendipitous X-
ray spectra of SDSS quasars due to a large collecting area
(922 cm2 for MOS and 1,227 cm2 for PN at 1 keV), large
field of view (33’ x 33’ for MOS and 27.5’ x 27.5’ for
PN), and good spectral resolution (E/∆E ∼ 20 - 50 for
both MOS and PN) 4. The XMM-Newton spectral range
covers the 0.5 - 12 keV band.
The SDSS and XMM-Newton archives are well-
matched in sensitivity. A source with a 2-10 keV flux
of 10−14 erg s−1 cm−2 and a standard radio quiet spec-
trum (Γ ∼ 2.0) produces ∼ 100 counts in ∼ 10 ksec,
sufficient for a crude spectral fit. For a typical value of
αox = −1.5 (Vignali et al. 2003), a 10
−14 ergs cm−2 s−1
quasar would have r = 19.37 while an X-ray quiet quasar
with αox = −2.0 would have r = 15.63. Both of these
magnitudes lie comfortably in the SDSS range.
2.2. The SDSS-XMM Red Quasar Sample
We define our red sample of Schneider et al. (2005)
quasars lying in XMM-Newton fields by selecting the
most extreme red colors, g − r ≥ 0.5. By further re-
stricting our search to moderate redshifts (0.9 < z <
2.1), we minimize host galaxy contribution at low red-
shifts (z < 0.5) and Lyα forest absorption at high red-
shifts (z > 2.5). This selection results in a sample of 17
quasars.
Richards et al. (2003), hereafter R03, defines dust-
reddened quasars via their relative colors. Relative colors
compare a quasar’s measured colors with the median col-
ors in its redshift bin, where redshift bin sizes are 0.1 in
redshift, so that ∆(g − i) = (g − i) − < (g − i) >z.
The use of relative colors corrects for the effect of typical
emission lines on the photometry in a particular band.
The relative colors of the SDSS quasars match a Gaus-
sian distribution on the blue side but require the addition
of a tail on the red side (Fig. 3 in R03). R03 identi-
fies quasars belonging to the red tail as ∆(g − i) > 0.2,
since the ∆(g − i) color correlates best with the pho-
tometric spectral index. The ∆(g − i) color has been
corrected for an SMC-like extinction curve with E(B -
V) = 0.04, a value typical of high Galactic latitudes, for
which E(g - i) = 0.07. In practice, this yields a minimum
of ∆(g − i) ∼ 0.35 for the quasars with redshift z∼1.5.
The (g - i) and (g - r) colors behave similarly with red-
shift (Fig. 2 of R03), and the maximum median color is
0.2 for 1 < z < 2. In Figure 1, we show a histogram of
the relative (g - i) colors for our sample. Only two have
∆(g − i) < 0.35. Thus, the g - r ≥ 0.5 color selection
mimics ∆(g − i) > 0.35, though we do not use relative
colors.
Our red quasar sample is unbiased in X-ray loudness
since we do not require X-ray detections for selection.
Nevertheless, the X-ray detection rates are high: 94%
for 2σ detections (16/17) and 76% for > 3σ detections
(13/17), although most of the quasars have a relatively
low X-ray signal-to-noise: 10/17 quasars have S/N < 10.
Table 1 lists the sample, giving the source ID number
used within this paper, the full SDSS name, radio clas-
sification, X-ray S/N (which is averaged if multiple ob-
servations are available), redshift, Galactic NH , and the
absolute i-band magnitude Mi. A source is radio loud if
F5GHz / F4400 = RL > 10 (Kellerman et al. 1989). To
calculateRL, a power-law is interpolated between the op-
tical magnitudes to get Fλ(4400), and the 1.4 GHz radio
4 http://imagine.gsfc.nasa.gov/docs/sats n data/missions/xmm.html
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Fig. 1.— The ∆(g− i) color distribution of the red sample. The
majority of sources in this sample meet the Richards et al. (2003)
requirement that ∆(g − i) > 0.35 for dust-reddened quasars.
flux is obtained from FIRST survey detections (White et
al. 1997), which are extrapolated to 5 GHz using a ra-
dio power-law αR = -0.8. All the quasars lie in the area
covered by the FIRST survey, so if there is no detection,
we use the 5σ upper-limit on the 1.4GHz radio flux to
extrapolate to 5 GHz.
For five of 17 sources, there are two X-ray observations.
In these cases, both observations were processed and used
in our analysis.
2.3. SDSS Data
SDSS photometry was extracted from the online
database5 via SQL-based queries in CasJobs. The in-
dividual, calibrated SDSS spectra were also downloaded
from the SDSS database. Table 2 gives the source ID,
the abbreviated SDSS name, the g − r color (which de-
termined selection), the apparent i band magnitude, and
the full-width half-maximum (FWHM [km s−1]) of the
broad MgII component. The MgII information is taken
from Shen et al. (2007) for all but three objects. Shen et
al. (2007) simultaneously fit the FeII emission, a contin-
uum power-law, and broad and narrow Gaussians to the
MgII line. The spectral signal-to-noise is too low for two
objects (#13 and #15) to use this method. Another ob-
ject (#17) has good S/N, but line values are not given in
Shen et al. (2007). We fit the MgII lines for these three
sources by estimating the continuum values by eye and
then simultaneously fitting broad and narrow Gaussians
with IRAF6.
There is one broad-absorption line quasar (BAL) in
the sample, SDSS J0944+0410 (#1), and two narrow
absorption-line (NAL) quasars, SDSS J1226+0130 (#8)
and SDSS J1435+4851 (#9). Only five of the 17 quasars
have the CIV line, which is the most reliable marker of
BAL/NAL presence, visible in their spectra. MgII, the
BEL seen in all 17 quasars, rarely shows either BALs or
NALs. So the true number of BALs and NALs in the
sample could be even greater.
2.4. X-ray Data Reduction
Using the XMM-Newton Science Analysis System,
SAS v7.027, we filtered the XMM observations to remove
5 http://www.sdss.org/dr3/access/index.html
6 http://iraf.noao.edu/
7 http://xmm.esac.esa.int/sas
time intervals of flaring high-energy background events
using the standard cut-off of 0.35 cts s−1 for the MOS
cameras and 1.0 ct s−1 for the PN camera. The event
rate plots were visually examined to determine that these
cut-offs were appropriate. We then extracted source and
background regions for spectral analysis. The SAS task
eregionanalyse was used to select the source radius with
the optimal signal-to-noise, with typical radii ranging
from 10” to 60”. Background regions were defined by eye,
avoiding obvious X-ray sources and chip edges. These
regions were typically a circle of radius 2000-2500 pixels
(100-125”), selected to lie on the same chip as the source
and as close to the source as possible without overlapping
the source extraction region.
Where possible, observations were retrieved for all
three XMM EPIC CCDs. In seven observations, the
source lies in a bad region in one of the cameras, either in
a strip between two chips or, because the MOS and PN
cameras have different shapes, the source may lie outside
the field of view in one of the cameras. In an eighth case,
the source is within the field of view of all three cameras,
but in the MOS-2 camera, most of the events are filtered
out while removing the flaring high-energy background.
In all these cases (7 of 22 observations), we use the re-
maining images from the other cameras for analysis.
Table 3 contains data for the XMM observations, or-
dered by increasing S/N. The table includes the source
ID, XMM identification number, observation date, net
exposure time, net counts, X-ray S/N and the cameras
available for analysis.
3. ANALYSIS
3.1. Optical Spectra and Continuum Dust Reddening
Fits
We wrote an IDL procedure to fit dust-reddening to the
optical continuum. The procedure calls a de-reddening
routine, FM UNRED.PRO (Landsman 1999), which uses
the Fitzpatrick (1999) parameterization to characterize
the optical and UV extinction curve.
Each source spectrum is first shifted to the rest-frame.
A composite quasar spectrum created from SDSS quasars
(Vanden Berk et al. 2001) is then reddened incrementally
with the SMC extinction curve (Gordon et al. 2003) and
normalized to the red quasar spectrum by averaging the
continuum between 3020 and 3066 A˚ (Vanden Berk et
al. 2001) in order to calculate the χ2 value. The best-fit
parameters are those for which χ2 reached a minimum.
The total χ2 was allowed to vary by 2.7 to get the 90%
confidence interval errors.
The SMC, rather than Galactic, extinction curve is
used because of the absence of the λ2175 feature in AGN
spectra (Pitman et al. 2000; Kuhn et al. 2001; Cz-
erny et al. 2004; Hopkins et al. 2004). The optical dust-
reddening (hereafter denoted as E(B-V)spec) is allowed to
vary from E(B-V)spec = 0.0 to E(B-V)spec = 1.0. Simu-
lations have shown that quasars with E(B-V) > 0.5 are
not expected from the SDSS selection process (Richards
et al. 2003), so the fits to the spectral continuum cover
the full E(B-V) parameter space.
The Small Blue Bump, a blend of Balmer continuum
emission and FeII lines, extends from ∼ 2000 - 4000 A˚
(Wills, Netzer & Wills 1985). Our color selection crite-
ria (g − r ≥ 0.5) bias our sample towards sources with
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TABLE 1
SDSS/XMM-Newton Red Quasar Sample
Source SDSS name RL
a (S/N)xb z NH,gal Mi
ID (1020 cm−2)
1 SDSS J094440.43+041055.5 RQ 0.17 1.98 3.63 -25.3
2 SDSS J023217.68-073119.9 RQ 3.23 1.16 3.05 -23.6
3 SDSS J165245.77+394722.3 RQ 1.89 1.19 1.64 -24.2
4 SDSS J072843.03+370835.0 RL (RL = 34.8) 2.87 1.40 6.00 -24.0
5 SDSS J100201.50+020329.4 RQ 2.85 2.01 2.59 -25.0
6 SDSS J221723.29-082139.4 RQ 2.93 1.25 5.30 -24.2
7 SDSS J153322.80+324351.4 RQ 4.04 1.90 2.05 -24.8
8 SDSS J122637.01+013016.1 RQ 4.69 1.55 1.84 -25.2
9 SDSS J143513.89+484149.3 RQ 4.46 1.89 2.07 -24.7
10 SDSS J221719.55-081234.4 RQ 5.88 1.46 5.31 -24.1
11 SDSS J111452.84+531531.7 RQ 6.33 1.21 0.923 -24.1
12 SDSS J113342.73+490025.8 RQ 8.65 1.30 1.59 -24.6
13 SDSS J125456.82+564941.4 (RL <18.3) 14.43 1.27 1.26 -22.8
14 SDSS J095918.70+020951.4 RL (RL = 36.3) 21.87 1.16 2.64 -23.4
15 SDSS J095857.34+021314.4 RQ 27.94 1.02 2.64 -23.0
16 SDSS J105316.76+573550.7 RQ 35.21 1.21 0.556 -23.9
17 SDSS J091301.01+525928.9 RQ (RL = 4.9) 43.48 1.38 1.60 -26.9
aThe radio loud parameter RL is defined as F5GHz/F4400, where
RL >10 indicates radio-loudness (Kellerman et al. 1989).
bWhen more than one X-ray observation exists for a single source,
the S/N listed is the rms of the observations.
TABLE 2
Red Quasar Sample in the SDSS
ID SDSS name g - r i MgII FWHM
(km s−1)
1 SDSS J0944+0410 0.50 18.22 8,800
2 SDSS J0232-0731 0.53 19.25 11,700
3 SDSS J1652+3947 0.54 18.65 8,800
4 SDSS J0728+3708 0.74 19.09 9,700
5 SDSS J1002+0203 0.55 18.58 10,800
6 SDSS J2217-0821 0.74 18.69 7,600
7 SDSS J1533+3243 0.97 18.69 6,700
8 SDSS J1226+0130 0.59 18.01 7,700
9 SDSS J1435+4841 0.50 18.78 7,000
10 SDSS J2217-0812 0.62 19.06 5,800
11 SDSS J1114+5315 0.76 18.77 6,400
12 SDSS J1133+4900 0.52 18.42 9,100
13 SDSS J1254+5649a 0.57 20.12 8,200
14 SDSS J0959+0209 0.60 19.40 23,200
15 SDSS J0958+0213a 0.59 19.66 10,500
16 SDSS J1053+5735 0.55 18.95 5,400
17 SDSS J0913+5259a 0.64 16.20 6,000
Note. — FWHM measurements for the MgII broad emission
lines are from Shen et al. (2007).
aThe line parameters for these sources are not included in Shen
et al. (2007). Instead, broad and narrow Gaussians were fit simul-
taneously to the line, with the continuum estimated by eye. The
FWHM for broad Gaussian component are listed.
atypically large FeII emission between ∼ 2200 - 2700 A˚.
Five of 17 sources have atypical FeII emission. Excluding
the region from 2200 - 3000 A˚ from the chi-square calcu-
lation for all the sources accounts for both FeII emission
and the 2798 A˚ MgII line, so that the reddening fit to the
continuum is not biased by unusually strong line emis-
sion. The reddening fit was not sensitive to other broad
emission lines, such as the 1549 A˚ CIV line, so we did not
omit any additional lines from the fit. The BAL quasar
(SDSS J0944+0410, #1) was not fit with reddening be-
cause numerous absorption lines and a strong Fe II bump
left no reliable continuum points with which to calculate
χ2.
We also fit a power-law (Fν ∝ ν
αopt) to the optical
continuum. All major emission lines are removed before
performing the fit, as is the region dominated by the
blended FeII and Balmer emission. A power-law will not
be a good fit to spectral continua with obvious dust cur-
vature, but for (E(B-V)spec < 0.1), dust-reddening will
look similar to a red power-law. Section §3.2 discusses
this issue in more detail.
Figure 2 plots the SDSS source spectra in Fλ (10
−17
ergs cm−2 s−1 A˚
−1
) vs. λ (A˚) space. Overplotted are
the original Vanden Berk et al. (2001) template (dotted
blue line), the reddened template (dashed red line), and
the optical power-law (solid green line). Table 4 gives
the reddening results: E(B-V)spec, the expected intrinsic
gas column density (NH,opt) obtained by applying the
Galactic gas-to-dust ratio (Bohlin et al. 1978; Kent et al.
1991), the intrinsic gas column density from the X-ray
fits (NH,x, see §3.3), and the optical power-law index,
αopt.
Reddening fits to the optical spectra require E(B-
V)spec in 14 out of 17 sources at> 3σ. For these 14
sources, E(B-V)spec ranges from 0.04 to 0.25, with a
weighted mean of < E(B − V )spec > = 0.1 correspond-
ing to < NH,opt > = 5.8 x 10
20 cm−2, using the Galactic
gas-to-dust ratio.
3.2. Testing the Optical Continuum for Weak Curvature
with Relative Colors
We find that reddening is a good fit to most of the
optical spectra. However, for the redshifts of this sample
(z > 1), the optical continuum will not have strong dust-
induced curvature for mild reddening (E(B-V)spec ≤ 0.1).
Under these conditions, a dust-reddened optical contin-
uum will look similar to a red power-law. Figure 2 in this
paper shows the similarity between mild dust-reddening
(dashed red line) and a red power-law (solid green line).
The curvature in the relative broad-band photometry can
help differentiate these two possibilities because the u
band (for which the FWHM ranges from 3251 to 3851 A˚)
is mostly outside the spectral range (3800 - 9200 A˚). The
u band is a factor 3.6 more absorbed by dust (for E(B-V)
= 0.1) than the r band, where the spectra are centered.
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TABLE 3
XMM-Newton Observation Log
Source XMM ID Date Net Exp Timea Net Countsa S/N Cameras
ID (ks) (counts) PN M1 M2
1 0201290301 2005-6-09 56.7 0.03 0.2 – X X
2 0200730401 2005-1-30 122.8 40.3 3.2 X X X
3a 0113060401 2002-07-14 4.55 7.3 1.2 – X X
3b 0113060201 2003-9-03 5.0 19.2 2.6 – X X
4 0145450501 2003-12-04 9.2 25.1 2.9 X X X
5a 0203360401 2005-12-10 29.6 39.0 2.8 X X X
5b 0203360801 2005-12-07 89.4 11.8 2.9 X X –
6 0009650201 2002-9-20 40.2 31.2 2.9 – X X
7 0039140101 2003-8-29 25.3 70.8 4.0 X X X
8 0110990201 2002-8-11 32.3 70.3 4.7 X X X
9a 0110930401 2004-2-04 21.1 77.5 4.2 X X X
9b 0110930901 2004-2-04 17.7 98.3 4.7 X X X
10 0009650201 2002-9-20 40.2 84.5 5.9 – X X
11 0143650901 2004-5-20 17.1 135.3 6.3 X X X
12 0149900201 2004-12-15 36.0 196.3 8.7 – X X
13 0081340201 2002-11-02 60.1 750.0 14.4 X X X
14 0203361801 2005-1-16 79.3 1486.8 21.9 X X X
15 0203361801 2005-1-16 79. 2696.2 27.9 X X X
16a 0147511701 2004-2-01 282.4 4185.3 33.7 X X X
16b 0147511801 2004-2-01 282.2 4775.3 36.8 X X X
17a 0143150301 2004-9-06 20.8 3687.3 33.6 X X X
17b 0143150601 2004-9-06 47.9 9130.1 53.4 X X X
aNet exposure time and net counts include information from all
available observations. Net counts are taken from 0.5-10 keV.
TABLE 4
Optical Reddening Fits
ID E(B-V)spec NH,opt
a NH,x
b αoptc
(1020 cm−2) (1020 cm−2)
1 −d - - -1.49
2 0.03±0.02 1.7±1.2 - -0.92
3 0.08±0.02 4.6±1.2 - -1.05
4 0.25±0.02 14.5±1.2 - -2.92
5 0.052±0.005 3.0±0.3 - -1.36
6 0.17±0.02 9.9±1.2 - -1.95
7 0.12±0.02 7.0±1.2 ≤696 -1.85
8 0.15±0.01 8.7±0.6 ≤1340 -1.79
9 0.13±0.01 7.5±0.6 ≤677 -2.07
10 0.11±0.02 6.4±1.2 ≤184 -1.68
11 0.18±0.03 10.4±1.7 ≤89.0 -1.46
12 0.04±0.01 2.3±0.6 ≤76.3 -0.87
13 0.10+0.11
−0.08 5.8
+6.4
−4.6 ≤23.1 -1.44
14 0.12±0.03 7.0±1.7 ≤5.49 -1.05
15 0.16+0.09
−0.07 9.3
+5.2
−4.1 ≤5.39 -1.94
16 0.11±0.02 6.4±1.2 ≤4.7 -1.17
17 0.086+0.004
−0.003 5.00
+0.23
−0.17 ≤2.9 -1.31
aGas column predicted from E(B-V)spec using the Galactic gas-
to-dust ratio (Bohlin et al. 1978; Kent et al. 1991).
bGas column upper-limit measured via X-ray spectral fits (model
D).
cThe optical slope as fit to the spectral continuum with emission
lines removed.
dThe BAL quasar was not fit with E(B-V)spec because numerous
absorption lines made it impractical to fit using chi-square mini-
mization.
Relative colors give an idea of the shape of the con-
tinuum (Hall et al. 2006). A quasar with a typical g − i
color, for example, will have ∆(g− i) = 0, while a quasar
with red (g − i) color will have ∆(g − i) > 0. A dust-
reddened quasar with typical emission lines will have
∆(u − r) > ∆(g − i) > ∆(r − z), because curvature
increases on the blue side of the continuum. A typical
blue power-law continuum, on the other hand, will have
∆(u−r) ∼∆(g−i) ∼∆(r−z). In the case of a power-law
continuum that is redder than average, the relative colors
will go as ∆(u− r) < ∆(g− i) > ∆(r− z). Therefore, an
object with ∆(u−r)−∆(g−i) < 0 displays dust-reddened
curvature, while an object with ∆(u− r)−∆(g − i) > 0
displays a red power-law. We use this criterion to clas-
sify quasars as intrinsically red, as shown in Figure 6
(discussed in §4.2).
Since relative colors compare the observed quasar col-
ors to the mean colors for quasars at that redshift, atypi-
cal emission lines will affect the relative color results. For
the redshift range 1 < z < 2, the most significant lines
are MgII and the FeII emission line blend. To correct for
atypical MgII lines, we calculate the equivalent width of
MgII from the spectrum. From this, we subtract the av-
erage MgII equivalent width obtained from the Vanden
Berk composite spectrum (2001). The residual MgII line
flux is calculated and added or subtracted from the band
where MgII is found. To correct for the FeII emission
line blend, we redden the composite spectrum, shift it
to the observed frame, and normalize to the source spec-
trum. We then subtract this spectrum from the source
for the range 2200-2700 A˚ and calculate the equivalent
width of the residual FeII line. We add or subtract the
residual flux from the bands where FeII is found. Since
the u band is outside of the spectral range, we cannot
correct for atypical emission lines in this band. The rel-
ative colors and the optical continuum shapes are listed
in Table 5.
3.3. X-ray Spectral Fits
We made fits to the extracted spectra using the Sherpa
package8 within CIAO9. For each source, the available
MOS+PN spectra were fit simultaneously by linking pa-
rameters. We used a conservative spectral range of 0.5 -
10 keV for fitting. The observations were fit according to
their S/N, with more complicated models (models A-E)
being applied as S/N increased. Table 6 summarizes the
8 http://cxc.harvard.edu/sherpa/threads /index.html
9 http://cxc.harvard.edu/ciao/
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TABLE 5
Relative Colors and the Optical Continuum Shape
ID ∆(u-r) ∆(g-i) ∆(r-z) Continuum Shape
1 0.97 ±0.06 0.68 ±0.06 0.13 ±0.04 Dust
2 0.96 ±0.07 0.25 ±0.04 0.03 ±0.07 Dust
3 0.79 ±0.04 0.41 ±0.03 0.29 ±0.04 Dust
4 1.26 ±0.08 0.81 ±0.03 0.65 ±0.04 Dust
5 0.63 ±0.04 0.71 ±0.04 0.16 ±0.04 Red power-law (αopt = -1.36)
6 1.06 ±0.07 0.83 ±0.03 0.52 ±0.05 Dust
7 1.10 ±0.06 0.69 ±0.02 0.23 ±0.04 Dust
8 1.13 ±0.06 0.74 ±0.04 0.58 ±0.04 Dust
9 0.99 ±007 0.77 ±0.03 0.56 ±0.04 Dust
10 0.77 ±0.07 0.74 ±0.03 0.41 ±0.06 Undefined
11 0.80 ±0.07 0.74 ±0.05 0.47 ±0.04 Undefined
12 0.14 ±0.04 0.24 ±0.03 0.06 ±0.04 Red power-law (αopt = -0.87)
13 -0.07 ±0.07 0.54 ±0.05 0.56 ±0.1 Red power-law (αopt = -1.44)
14 0.60 ±0.07 0.54 ±0.03 0.38 ±0.08 Undefined
15 0.54 ±0.08 0.63 ±0.04 0.40 ±0.09 Red power-law (αopt = -1.94)
16 0.33 ±0.04 0.44 ±0.03 0.26 ±0.04 Red power-law (αopt = -1.17)
17 0.25 ±0.02 0.40 ±0.02 0.20 ±0.03 Red power-law (αopt = -1.31)
Note. — The relation between the relative colors gives the optical continuum shape from the photometry. ∆(u - r) > ∆(g - i)> ∆(r -
z) indicates dust, but ∆(u - r)< ∆(g - i)> ∆(r - z) indicates a red power-law.
model characteristics. All models applied in this paper
include local absorption fixed to the Galactic hydrogen
column density (NH,gal) for a source’s coordinates. Val-
ues for NH,gal were taken from WebPIMMS
10.
For six observations with S/N < 4, we fit Model A,
where we freeze the photon index of the X-ray power-
law to Γ = 1.9. We leave normalization free to vary in
order to get the flux or a 90% upper-limit on the flux.
For five observations with 2 < S/N < 4, we fit Model B,
a single power-law with free Γ and normalization. Mod-
els A and B use the Cash statistic for fitting, which we
discuss further below.
For 14 observations with S/N > 4, we fit Model C, a
single power-law, but using Chi-square statistics rather
than Cash. For the same observations, we also fit the
spectra with Model D, a power-law with intrinsic ab-
sorption. Finally, for five observations with S/N > 25,
we fit model E, a power-law with intrinsic absorption,
plus a Gaussian for the Fe Kα line. The Gaussian line
energy is set to 6.4 keV shifted to the quasar’s reference
frame. For sources with S/N > 4 (where models C, D
and E are applied), the Chi-square statistic is used and
the data are binned by at least 15 counts/ bin.
For S/N < 4, Chi-square is not an appropriate statis-
tic because there are not enough counts per bin, so both
models A and B are fit using the more time-consuming
Cash statistic (1979) which gives more reliable results
for low-count sources (Nousek & Shue 1989). When us-
ing Cash statistics, the source and background counts
are binned by one count/bin, to ensure that there are
no empty bins. The background is not subtracted and
is instead fit simultaneously with the source. The XMM
background is fit with the three components described
in the XMM Users Handbook11: a power-law fixed to
Γ = 1.4 plus Galactic absorption (to account for the ex-
tragalactic X-ray spectrum), a broken power-law, with
the break energy fixed to 3.2 keV (to account for the
quiescent soft proton spectrum), and lines at 1.5 keV
for the MOS cameras and at 1.5 and 8 keV for the PN
camera (to account for cosmic-ray interactions with the
10 http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
11 http://xmm.vilspa.esa.es/external/xmm user support/documentation
detector). Since this background model has five free pa-
rameters for each camera, constraining all fit parameters
results in large errors in the best-fit parameters.
Table 7 lists the source ID, the model used for each
source, XMM observation ID, the best-fit spectral slopes,
flux values from 0.5-2 keV and 2-10 keV, the rest-frame 2-
10 keV luminosity, and the χ2 or Likelihood of Fit values
and degrees of freedom for the best fit. For sources with
S/N<4, Table 7 lists the best-fit parameters for Model
A, where the spectral slope is fixed to 1.9, leaving the
normalization free to vary. (For sources with S/N < 2,
the best-fit upper-limits are listed.) We list the best-fit
spectral slopes from Model B in Table 8 for reference,
but due to the large spectral slope errors we do not use
these values for further analysis.
For sources with S/N > 4, we determine the best-fit
model via the F-test12, which measures the significance
of the change in chi-square as components are added to
a model. In all cases, the more complex models did not
have a significantly lower chi-square value, so for S/N >
4, Table 7 lists the parameters for the power-law model
(model C).
Tables 8 and 9 list the best-fit spectral slope and the
upper-limits on other spectral parameters for rejected
models B and D (Table 8) and E (Table 9). Figure 3
shows the data, fits, residuals and 1σ, 2σ and 3σ Γ-NH
contours for the sources with S/N > 4 fitted with model
D (power-law + intrinsic absorption).
3.4. X-ray Absorption
Of the 11 sources (and 14 observations) with S/N > 4,
none show significant intrinsic absorption, and the F-test
demonstrates that all sources prefer a simple power-law
model. NH upper limits (Model D) for the five highest
S/N sources range from 3 x 1020 cm−2 to 2 x 1021 cm−2
at the 90% confidence level.
Absorption can also be indicated when the best-fitting
power-law is unusually hard. Mateos et al. (2005) finds
an average X-ray photon index < Γ > ∼ 1.96 and in-
trinsic dispersion σΓ = 0.4 for a sample of 1137 AGN
found in XMM-Newton fields, with fluxes ranging from
12 http://cxc.harvard.edu/ciao/ahelp/ftest.html
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TABLE 6
S/N-dependent Models Applied to XMM observations
Model A Model B Model C Model D Model E
S/N S/N < 4 2 < S/N < 4 S/N > 4 S/N > 4 S/N > 25
Model Cash fit Cash fit χ2 fit χ2 fit χ2 fit
Description Fixed power-law Free power-law Free power-law Free power-law Free power-law
(Γ = 1.9)
Gal. abs. Gal. abs. Gal. abs. Gal. abs. Gal. abs.
(fixed) (fixed) (fixed) (fixed) (fixed)
Intrinsic Intrinsic
abs. (free) abs. (free)
Fe Kα line
Note. — A total of 22 observations cover 17 sources.
TABLE 7
Best-fit X-ray spectral fits
Source Model XMM ID Γ F0.5−2keV
a F2−10keV
a L2−10keV
b χ2/νc
ID
1 A 0201290301 1.9d ≤0.024 ≤0.034 ≤9.5 x 1041 1791/1599
2 A 0200730401 1.9 0.24 0.36 5.2 x 1042 8904/5766
3a A 0113060401 1.9 ≤0.51 ≤3.72 ≤3.6 x 1043 1225/1603
3b A 0113060201 1.9 2.25 3.10 4.8 x 1043 1018/1614
4 A 0145450501 1.9 0.016 13.4 5.2 x 1043 1608/1619
5a A 0203360401 1.9 0.32 0.46 1.3 x 1043 17119/5749
5b A 0203360801 1.9 0.53 0.74 2.1 x 1043 10447/4946
6 A 0009650201 1.9 0.52 2.96 3.2 x 1043 1831/1636
7 C 0039140101 1.8+0.5
−0.4 1.95 3.05 7.7 x 10
43 4.3/6
8 C 0110990201 1.0+0.4
−0.4 1.36 7.49 7.0 x 10
43 9.7/7
9a C 0110930401 1.4+0.4
−0.4 2.78 7.96 1.3 x 10
44 2.6/5
9b C 0110930901 1.0+0.4
−0.4 4.57 27.2 2.7 x 10
44 3.7/7
10 C 0009650201 1.9+0.4
−0.3 3.05 4.90 9.4 x 10
43 2.6/6
11 C 0143650901 1.5+0.3
−0.3 5.03 13.3 1.5 x 10
44 5.9/9
12 C 0149900201 1.4+0.5
−0.4 8.58 16.2 3.0 x 10
44 8.1/15
13 C 0081340201 1.6+0.1
−0.1 9.59 20.7 2.8 x 10
44 27/40
14 C 0203361801 1.75+0.09
−0.09 6.52 11.9 1.6 x 10
44 54/63
15 C 0203361801 1.78+0.07
−0.06 17.0 29.5 3.4 x 10
44 75/107
16a C 0147511701 1.77+0.06
−0.05 12.1 20.1 2.9 x 10
44 100/165
16b C 0147511801 1.72+0.06
−0.05 13.2 23.5 3.2 x 10
44 155/189
17a C 0143150301 1.68+0.05
−0.06 60.6 120 1.8 x 10
45 94/142
17b C 0143150601 1.72+0.04
−0.03 57.9 107 1.7 x 10
45 203/311
aFluxes are determined from the MOS-1 observations because it
has the best (most well-known) calibration. Units are 10−14 ergs
cm−2 s−1.
b Luminosities are in rest-frame in units of ergs s−1.
cThis column contains either the chi-square value and the degrees
of freedom when chi-square statistics are applied (model C) or the
likelihood of fit and the degrees of freedom when the Cash statistic
is applied (model A).
dΓ is fixed to 1.9 for model A.
10−15 - 10−12 ergs cm−2 s−1. Mateos et al. (2005) find
a systematic hardening of the average X-ray spectra to-
wards fainter fluxes, which they interpret as a higher
degree of photoelectric absorption among fainter AGNs.
Therefore, we define an unusually hard spectrum to have
Γ < 1.5 at 90% confidence. Two of 14 sources with S/N
> 4 have unusually hard spectral slopes by this mea-
sure: SDSS J1226+0130 (#8) and SDSS J1435+4841
(#9). All of the quasars with high enough S/N to fit
Γ have best-fit spectral slopes flatter than the Mateos et
al. (2005) average.
For the five sources with 2 < S/N < 4 (fit with model
A), the S/N is not high enough to fit a power-law or
intrinsic absorption. One indicator of X-ray absorption
for these sources is X-ray weakness relative to the opti-
cal luminosity, defined as αox < −1.8, where αox is the
spectral index from 2500 A˚ to 2 keV. Such small values of
αox are a common characteristic of BAL quasars, which
are known to be heavily absorbed objects in the X-rays
(Mathur et al. 1995; Green & Mathur 1996).
To calculate αox for the red sample, we use the 2 keV
flux (F2keV ) given by the X-ray fits, and we derive the
2500 A˚ flux (Fuv) by interpolating a power-law between
the nearest two of the ugriz magnitudes. We then calcu-
late αox,corr by correcting αox for absorption. We dered-
den Fuv using E(B−V )spec and the Prevot et al. (1984)
SMC extinction curve, where Aλ = E(B-V) 1.39 λ
−1.2.
For objects with X-ray S/N > 4, we do not find signifi-
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TABLE 8
Alternative X-ray Spectral Fits: Γ (S/N < 4)and NH,x (S/N > 4)
Model Source XMM ID Γ NH,x χ
2/νa
ID (1022 cm−2)
B 2 0200730401 1.8+8.6
−4.0 - 8949/5767
B 3a 0113060401 1.2+2.1
−2.3 - 1015/1614
B 4 0145450501 1.2+2.6
−2.8 - 1418/1619
B 5a 0203360401 2.0+16.2
−3.9 - 17008/5750
B 5b 0203360801 2.5+18.5
−4.9 - 11003/4946
B 6 0009650201 1.2+2.7
−2.9 - 1822/1636
D 7 0039140101 1.8+0.5
−0.4 ≤7.0 3.5/5
D 8 0110990201 1.0+0.4
−0.4 ≤13.4 8.0/5
D 9a 0110930401 1.4+0.4
−0.4 ≤6.8 2.6/4
D 9b 0110930901 1.0+0.4
−0.4 ≤10.2 3.6/6
D 10 0009650201 1.9+0.4
−0.3 ≤3.3 2.2/5
D 11 0143650901 1.5+0.3
−0.3 ≤0.9 5.9/8
D 12 0149900201 1.4+0.5
−0.4 ≤0.8 7.3/14
D 13 0081340201 1.6+0.1
−0.1 ≤0.2 27/39
D 14 0203361801 1.75+0.09
−0.09 ≤0.05 54/62
D 15 0203361801 1.78+0.07
−0.06 ≤0.05 75/106
D 16a 0147511701 1.77+0.06
−0.05 ≤0.06 100/164
D 16b 0147511801 1.72+0.06
−0.05 ≤0.04 155/188
D 17a 0143150301 1.68+0.05
−0.06 ≤0.04 94/141
D 17b 0143150601 1.72+0.04
−0.03 ≤0.02 203/310
Note. — For sources with S/N<4, model parameters from the Model B (Cash power-law) fits are given. For sources with S/N>4, we
list 90% confidence upper-limits on Model D, power-law + intrinsic absorption.
aThis column contains either the chi-square value and the degrees
of freedom when chi-square statistics are applied (model C) or the
likelihood of fit and the degrees of freedom when the Cash statistic
is applied (model A).
TABLE 9
Alternative X-ray Spectral Fits - Fe Kα line (S/N > 25)
Source Model XMM ID Fe Kα FWHMa Fe Kα line fluxa χ2/νb
ID (eV) (photons cm−2 s−1)
15 E 0203361801 ≤10 ≤2.6e-6 72.3/102
16a E 0147511701 ≤220 ≤3.6e-7 100.2/160
16b E 0147511801 ≤440 ≤2.5e-6 145.8/184
17a E 0143150301 ≤190 ≤3.8e-4 92.2/137
17b E 0143150601 ≤0 ≤3.3e-6 194.5/306
aFe Kα line parameter upper-limits are given at 90% confidence.
bThe χ2 value and the degrees of freedom (ν) for χ2 statistics.
cant intrinsic absorption, so we use the 90% upper-limit
on NH to correct F2keV . For objects with X-ray S/N
< 4, we cannot fit intrinsic absorption, so we make no
correction to F2keV . Table 10 gives the measured and
corrected Fuv and F2keV , αox (uncorrected), and αox,corr
(corrected for absorption).
Figure 4 plots αox against the log of the 2500 A˚ lu-
minosity (luv) for the red sample. The unfilled circles
give the measured αox and luv values for the red sample.
The filled circles give αox,corr and luv,corr, the 2500 A˚
luminosity corrected for absorption. Solid lines connect
the uncorrected values to the corrected values for each
source. The five sources with X-ray S/N < 4 are marked
in red. The Strateva et al. (2005) sample and αox − luv
correlation are plotted as black points and a solid line,
respectively, for comparison. The dotted line marks αox
= -1.8; those sources with αox < −1.8 are X-ray weak
relative to the optical luminosity. All five sources with 2
< S/N < 4 are X-ray weak, possibly because we were un-
able to correct the X-ray flux for absorption. All eleven
sources with S/N > 4 are X-ray normal once corrected
for absorption (αox,corr > −1.8).
Correction for absorption can have a large effect on
F2keV , which can in turn have a large effect on αox. The
largest correction in our sample, for an NH upper-limit
of 1023 cm−2, led to a factor of 9.5 change in F2keV . An
additional correction for dust-reddening changed Fuv by
a factor of 3, leading to ∆(αox) = 0.2. Sources with
low S/N and/or high NH upper-limits will have a large
but undetermined uncertainty in αox, which makes it
difficult to tell if the source is intrinsically weak relative
to the optical, or if the X-ray weakness is due only to
absorption.
There is a weak correlation between αox and Γ (Spear-
man Rank = 0.13) such that X-ray weak objects are
slightly more likely to have flatter spectral slopes.
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Fig. 2.— The SDSS source spectra are plotted as solid black
lines, Fλ (10
−17 ergs cm−2 s−1 A˚) vs. λ (A˚). The original Vanden
Berk et al. (2001) template (dotted, blue line) and the reddened
template (dashed, red line) are overplotted. Note that the BAL
quasar (SDSS J0944+0410, #1) had no reliable continuum to fit
reddening and so only the original template is plotted. The solid
line beneath the spectrum marks the FeII+MgII region ignored by
the continuum-fitting program as described in the text. A power-
law fit to the spectrum, omitting major emission lines, is also shown
(solid, green line).
4. DISCUSSION
The redshift selection minimizes the chance that host
galaxy emission or Lyα forest absorption produce the ob-
served red colors of these quasars. This leaves two pos-
sible causes of red colors: dust-reddening or intrinsically
red optical continua. Table 11 summarizes the source
TABLE 10
X-ray Strength Relative to the Optical
ID Fuva Fuv,corrb F2keV
c F2keV,corr
d αox αox,corre
1 3.87 6.04 ≤2.45 ≤2.45 ≤-1.61 ≤-1.69
2 3.19 3.99 0.33 0.33 -1.91 -1.95
3a 4.39 7.54 ≤0.17 ≤0.17 ≤-2.07 ≤-2.16
3b 4.39 7.54 3.08 3.08 -1.59 -1.68
4 2.85 15.05 2.81 2.81 -1.54 -1.82
5a 2.69 3.83 0.38 0.38 -1.86 -1.92
5b 2.69 3.83 0.67 0.67 -1.77 -1.83
6 5.00 15.66 0.15 0.15 -2.12 -2.31
7 2.53 5.82 2.75 29.0 -1.52 -1.27
8 5.65 15.34 0.77 7.24 -1.87 -1.66
9a 2.10 5.06 1.87 45.1 -1.55 -1.17
9b 2.10 5.06 1.38 3.67 -1.61 -1.59
10 2.64 5.67 4.32 10.0 -1.45 -1.44
11 5.34 17.66 4.57 8.44 -1.56 -1.66
12 7.39 9.88 7.36 10.6 -1.54 -1.52
13 1.33 2.64 9.72 10.9 -1.20 -1.30
14 2.20 5.09 7.79 8.02 -1.32 -1.46
15 2.21 6.47 21.9 22.6 -1.15 -1.33
16a 4.42 9.48 14.7 15.1 -1.33 -1.45
16b 4.42 9.48 15.2 15.6 -1.33 -1.45
17a 53.67 95.96 63.5 64.5 -1.51 -1.60
17b 53.67 95.96 63.8 64.4 -1.51 -1.60
aRest-frame 2500 A˚ fluxes are in units of 10−28 ergs cm−2 s−1
Hz−1.
bThe 2500 A˚ flux is corrected using E(B-V)spec.
cRest-frame 2 keV fluxes are in units of 10−32 ergs cm−2 s−1
Hz−1.
dFor sources with S/N > 4, the 2 keV flux is corrected for the NH
90% confidence upper-limit. (No 2 keV flux correction is made for
sources with IDs #1-7.)
eαox,corr is calculated with Fuv,corr and F2keV,corr so that it is
corrected for dust-reddening and, where possible, an upper-limit
on X-ray absorption.
characteristics of the SDSS/XMM red quasar sample,
which guide the classification of a source as ‘absorbed’
or ‘intrinsically red.’ We discuss dust-reddened quasars
in §4.1 and intrinsically red quasars in §4.2. §4.3 dis-
cusses two quasars that we were not able to classify. We
comment on the general properties of the red sample in
terms of the αox-luv relation (§4.5) and the X-ray spec-
tral slope (§4.4). Finally, we discuss properties of the
intrinsically red quasars in (§4.5).
4.1. Dust-reddened Quasars with X-ray Absorption
By the criteria shown in Table 11, 8 of 17 quasars in
the sample are dust-reddened. E(B-V)spec is significant
at ≥3σ for all eight sources. Seven of 8 sources have opti-
cal continuum shapes consistent with dust-reddened cur-
vature. (The exception, SDSS J1114+5315 (#11), has
larger errors on the relative colors, resulting in an am-
biguous continuum shape. However, strong E(B-V)spec
and X-ray weakness argue in favor of dust-reddening.)
SDSS J0944+0410 (#1) is a low-ionization BAL quasar
(Voit et al. 1993), with Si IV, C IV, C III, C II] and
Mg II absorption troughs of widths ∼2,000-5,000 km s−1
(Fig. 2). BALs are known to be heavily absorbed in the
optical and the X-rays (Green et al. 2001). This source is
undetected in the X-rays (upper-limit in Fig. 4). Due to
the numerous absorption lines and a strong FeII bump,
we were not able to fit a reddening to the spectral con-
tinuum, so the flatness of the spectrum could be due
either to line absorption, continuum absorption, or an in-
trinsically different continuum. However, some research
suggests that BALs tend to have redder continua than
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Fig. 3.— For each pair of figures, the left column plots the data for sources with S/N > 4 on a log scale, photons s−1 keV−1 versus
energy (keV). The data are fit with model D (power-law + intrinsic absorption, data binned to 15 counts per bin). The model, which
has been folded through the detector response, is plotted as a histogram over the data. Residuals are plotted underneath the fits in units
of standard deviation. The right column contains Γ-NH contour plots, where the 1σ, 2σ and 3σ contours are plotted as solid lines. The
plots correspond to sources #7-#17, starting with #7 in the top left panel. Each pair of plots is labeled with the SDSS name and XMM
observation ID.
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TABLE 11
Summary of Source Characteristics
ID SDSS name Γ αox,corr a NH,x E(B-V)spec NH,x/ Optical Notes
1022 cm−2 E(B − V )spec b Continuum c
Absorbed Quasars
1 SDSS J0944+0410 1.9 ≤-1.69 - - - Dust BAL
3 SDSS J1652+3947 1.9 -1.92 - 0.08±0.02 - Dust
4 SDSS J0728+3708 1.9 -1.82 - 0.25±0.02 - Dust
6 SDSS J2217-0821 1.9 -2.31 - 0.17±0.02 - Dust
7 SDSS J1533+3243 1.8+0.5
−0.4 -1.27 ≤7.0 0.12±0.01 ≤100 Dust
8 SDSS J1226+0130 1.0+0.4
−0.4 -1.66 ≤13.4 0.15±0.01 ≤143 Dust NAL
9 SDSS J1435+4841 1.2+0.3
−0.3 -1.38 ≤6.8 0.13±0.01 ≤100 Dust NAL
11 SDSS J1114+5315 1.5+0.3
−0.3 -1.66 ≤0.9 0.18±0.03 ≤8 Undefined
Intrinsically Red Quasars
5 SDSS J1002+0203 1.9 -1.87 - 0.052±0.005 - Red power-law
12 SDSS J1133+4900 1.4+0.5
−0.4 -1.52 ≤0.8 0.04±0.01 ≤20 Red power-law
13 SDSS J1254+5649 1.6+0.1
−0.1 -1.30 ≤0.2 0.10
+0.11
−0.08 ≤3 Red power-law
14 SDSS J0959+0209 1.75+0.09
−0.09 -1.46 ≤0.05 0.12±0.03 ≤0.6 Undefined
15 SDSS J0958+0213 1.78+0.07
−0.06 -1.33 ≤0.05 0.16
+0.09
−0.07 ≤0.5 Red power-law
16 SDSS J1053+5735 1.75+0.04
−0.04 -1.45 ≤0.06 0.11±0.02 ≤0.9 Red power-law
17 SDSS J0913+5259 1.70+0.03
−0.03 -1.60 ≤0.03 0.086
+0.004
−0.003 ≤0.6 Red power-law
Unclassified Quasars
2 SDSS J0232-0731 1.9 -1.95 - 0.03±0.02 - Dust
10 SDSS J2217-0812 1.9+0.4
−0.3 -1.44 ≤1.8 0.11
+0.03
−0.02 ≤20 Undefined
Note. — For absorbed quasars, a value is bold-faced if the source matches one of the criteria for dust- reddening in the optical/UV or
absorption in the X-rays. Criteria for dust-reddening are: a) strong spectroscopic reddening (E(B-V)spec > 0.1) detected to > 3σ confidence
and b) an optical continuum shape that indicates dust-reddening. The criteria for X-ray absorption are: a) weak X-ray flux relative to the
optical (αox < −1.8), b) a flat X-ray spectral slope (Γ < 1.5 to greater than 90% confidence), and c) a large gas column upper-limit (NH
upper-limit > 1022 cm−2 if intrinsic absorption fits are applied. For intrinsically red quasars, a value is bold-faced if the source matches
one of the criteria of an intrinsically red power-law: a) reddening is mild (E(B-V)spec < 0.1) or detected at < 3σ, b) an optical continuum
shape that contra-indicates dust-reddening, c) a low X-ray gas column upper-limit (NH upper-limits < 10
22 cm−2), and d) gas/dust ratio
smaller than the Galactic value.
aαox,corr is calculated with Fuv,corr and F2keV,corr so that it is
corrected for dust-reddening and, where possible, for X-ray absorp-
tion upper-limits.
bThe measured gas/dust ratio relative to the Galactic value,
5.8 x 1021 cm−2 (Bohlin et al. 1978; Kent et al. 1991).
cThe optical continuum shape is defined by the relationship be-
tween the relative colors (§3.4, Table 5).
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Fig. 4.— αox vs. luv for the red quasar sample, where luv is the
log of the 2500 A˚ luminosity in units of ergs cm−2 s−1 Hz−1. The
unfilled circles give the measured luv and αox values for the red
quasar sample. The filled circles give luv,corr and αox,corr, where
the 2500 A˚ flux has been corrected for E(B-V)spec and the 2 keV
flux has been corrected for the upper-limit on NH . The six sources
with X-ray S/N < 4 are corrected for E(B-V)spec only and not NH ;
these sources are marked in red. The S06 αox − luv correlation is
plotted as a solid line and the S05 sample is overplotted in black
points. The dotted line marks αox = -1.8. Sources with αox < −1.8
are defined to be X-ray weak. The legend shows the correction to
αox and luv for an E(B-V)spec = 0.1 and the correction to αox for
an NH upper-limit of 10
22 cm−2. Both of the corrections shown in
the legend were calculated for the samples median redshift, z=1.3.
non-BALs, and dust-reddened templates appear to be
a good fit to BAL continua (Yamamoto & Vansevicius
1999; Brotherton et al. 2001; Tolea et al. 2002; Reichard
et al. 2003). We therefore conclude that this quasar is
likely to have dust-reddening and X-ray absorption.
All 8 sources match some of the criteria for X-ray ab-
sorption. For the three sources with 2 < S/N < 4 (where
X-rays are detected but no X-ray spectral fits can be
made), all are X-ray weak when the optical luminosity
is corrected for dust-reddening (αox,corr < −1.8). These
sources are discussed further in §4.4.
Four of the 8 dust-reddened quasars have X-ray S/N
> 4, which allows us to fit a power-law (model C) and a
power-law plus intrinsic absorption (model D). All four
sources prefer model C over model D, but two quasars
have abnormally flat (Γ<1.5) photon indices to 90% con-
fidence: SDSS J1226+0130 (#8) and SDSS J1435+4841
(#9). This may be a sign of large NH columns. In ad-
dition, the upper-limits on NH for all four sources are
rather high (9 x 1021 - 1 x 1023 cm−2, Table 8), and
are consistent with the gas column predicted from E(B-
V)spec (NH,opt = 7.0 x 10
20 - 1 x 1021 cm−2) using the
Galactic gas-to-dust ratio (Bohlin et al. 1978; Kent et al.
1991). Even the ten times higher NH expected from an
SMC gas-to-dust ratio (Issa et al. 1990), which is more
typical for quasars (Maccacaro & Perola 1981; Maiolino
et al. 2001; Wilkes et al. 2002), is still below the NH
upper-limit found in the X-rays.
Note that the quasars classified as dust-reddened oc-
cupy the lower half of the red quasar sample with respect
to S/N. The low S/N for these quasars is likely due to
the photoelectric absorption of the X-rays, as described
above. The effect of NH on the X-ray spectrum is further
discussed in §4.5.
4.2. Intrinsically Red Quasars
Seven sources display mild or insignificant dust-
reddening: E(B-V)spec ≤ 0.1 or E(B-V)spec detected
at < 3σ. Since the reddening in these sources is in-
distinguishable from a red power-law (§3.2), we classify
them as intrinsically red using two additional indicators:
(1) the continuum shape as determined by the relative
photometry (§3.2) and (2) the lack of X-ray absorption
(§3.4).
The optical continuum shape is inconsistent with dust-
reddening for all but one object. The relative col-
ors for SDSS J0959+0209 (#14) cannot distinguish be-
tween dust curvature and a red power-law; however, this
source meets all of the other ‘intrinsically red’ crite-
ria. Six of seven sources also display no significant X-
ray absorption, with low NH upper-limits of ∼ 10
20 -
1021 cm−2. These same six sources are X-ray normal
(αox,corr > −1.8), and are not abnormally X-ray flat
(Γ>1.5 to 90% confidence). It is not surprising then that
these six sources have the highest X-ray S/N of the red
quasar sample, due to the absence of X-ray absorption.
The exception is SDSS J1002+0203 (#5), whose low S/N
(S/N = 2.85) prohibits fitting a power-law or intrinsic ab-
sorption. This source is X-ray weak (αox = -1.82), but
the low amount of dust-reddening (E(B-V)spec = 0.052
±0.005) suggests that the X-ray weakness is intrinsic.
If we assume an SMC gas/dust ratio, then a reddening
of 0.05 leads to an X-ray absorption column of NH =
3 x 1021 cm−2. However, a column of less than 1022
cm−2 will not significantly affect the rest-frame 2 keV
flux (Tucker 1975).
For the four sources with the highest X-ray S/N, SDSS
J0959+0209 (#14), SDSS J0958+0213 (#15), SDSS
J1053+5735 (#16) and SDSS J0913+5259 (#17), the
low NH upper-limits imply gas-to-dust ratio upper-limits
(Table 8) up to a factor of ∼2 smaller than the Galac-
tic value (Bohlin et al. 1978; Kent et al. 1991) and a
factor of ∼20 below the SMC value (Issa et al. 1990)
(Figure 5). The small dust-to-gas ratio found for these
four objects contrasts with previous studies, which have
shown that an SMC-type extinction curve and high gas-
to-dust ratio is most appropriate for quasar absorption
(Maccacaro & Perola 1981; Maiolino et al. 2001; Wilkes
et al. 2002). For example, Maiolino et al. (2001) collected
X-ray and optical information for 19 objects from the lit-
erature. They find gas-to-dust ratios 3-100 times higher
than Galactic for sixteen AGNs. The three AGNS with
gas-to-dust ratios a factor ∼1.5 below the Galactic value
were all low luminosity AGNs (Lx < 10
42 ergs s−1). For
comparison, all of the red quasars have Lx > 10
42 ergs
s−1, with the exception of the BAL quasar (#1). The
smaller filled circles in Fig. 5 mark points from Maiolino
et al. (2001). Median error bars are displayed on one of
the Maiolino et al. (2001) points.
The unusually low apparent gas-to-dust ratios for the
four high X-ray S/N objects (#14-17) suggest that dust-
reddening and X-ray absorption are not applicable in
these cases. We therefore take the unusually low gas-to-
dust ratios of these four sources to be another indicator
of an intrinsically red continuum.
The ’intrinsically red’ classification is shown in Fig-
ure 6, where we plot the gas/dust ratio, NH,x/E(B-
V)spec, against the ∆(u − r) − ∆(g − i) color. The
vertical dotted line at ∆(u − r) − ∆(g − i) = 0 di-
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Fig. 5.— NH (10
20 cm−2) vs. E(B − V )spec for the eleven
quasars with X-ray S/N > 4. Because the NH column is a 90%
upper-limit for all of the quasars in the red sample, this results in an
upper-limit on the gas/dust ratio. Sources classified as intrinsically
red (§4.2) are marked with a solid circle. The Galactic (solid line)
and SMC (dashed line) gas-to-dust ratios are plotted for reference.
Points from Maiolino et al. (2001) are plotted as black points, with
median error bars shown for one of these points.
Fig. 6.— The gas/dust ratio, NH,x-E(B-V)spec, plotted against
the ∆(u − r) −∆(g − i) color. The vertical dotted line at ∆(u −
r)−∆(g−i) = 0 divides the quasars with dust-reddened continuum
shapes from the quasars with red power-law continua, as described
in §3.4. The horizontal dashed line shows where the gas/dust ratio
equals the Galactic value; sources below this line have unusually
low gas/dust ratios and therefore are considered intrinsically red
(§4.2). Sources ultimately classified as dust-reddened are plotted as
open circles, while sources classified as intrinsically red are plotted
as filled squares. The unclassified source (#10, §4.3) is plotted as
a star.
vides the quasars with dust-reddened continuum shapes
(∆(u − r) − ∆(g − i) > 0) from the quasars with red
power-law continua (∆(u − r) − ∆(g − i) < 0), as dis-
cussed in §3.4. The horizontal dashed line shows where
the gas/dust ratio equals the Galactic value. The sources
in all but the top right quadrant are inconsistent with
dust-reddening due to their low gas/dust ratios relative
to the Galactic value and/or the lack of dust curvature
in their optical continua.
Table 5 shows that the dust-reddened quasars are more
likely to have the largest color excesses, while the intrin-
sically red quasars are more likely to have the smallest.
This difference is significant in a K-S test at a probabil-
ity of 1.7% that the two populations come from the same
parent color distribution. This suggests that, while dust-
reddening can occur to arbitrarily high values of E(B-V),
the intrinsic mechanism cannot steepen the continuum
beyond a critical limit.
The mean optical slope of the intrinsically red quasar
Fig. 7.— The optical spectral indices for the Large Bright Quasar
Survey (Francis et al. 1991) are shown in an open histogram. Over-
plotted is a solid histogram showing the optical spectral indices for
the intrinsically red quasars.
candidates is < αopt > = -1.30, where Fν ∝ ν
α, with a
dispersion σαopt = 0.34. Figure 7 shows a solid histogram
of the optical slopes for the intrinsically red quasars, com-
pared with an open histogram of the optical slopes for
the Large Bright Quasar Survey (Francis et al. 1991).
The intrinsically red quasars clearly lie in the red tail of
the LBQS distribution. For comparison, the power-law
obtained for the Vanden Berk composite SDSS quasar
spectrum (2001) between 1300 and 5000 A˚ is αopt = -
0.44.
4.3. Unclassified Quasars
The classification of two quasars is undetermined.
SDSS J0232-0731 (#2) is X-ray weak (αox = -1.95), but
the signal is too weak to fit Γ or intrinsic absorption (S/N
= 3.23). Dust-reddening is mild, and is significant only
at 1.5σ (E(B-V)spec = 0.03 ±0.02). However, the optical
continuum shape is consistent with dust-type curvature
(Table 5).
SDSS J2217-0812 (#10) is also ambiguous because,
while it has normal Γ and αox,corr values (Γ = 1.9
+0.4
−0.3,
αox,corr = -1.44), the upper-limit on NH is fairly high at
1.8 x 1022 cm−2, and the gas-to-dust ratio upper-limit
is between the Galactic and SMC values. The optical
continuum shape is consistent with both dust-reddened
curvature and a red power-law within the photometric
error bars on the relative colors. While absorption is not
specifically indicated, it also cannot be ruled out.
4.4. Red Quasars and the αox-luv relation
Several studies (Avni & Tananbaum 1982; Vignali et
al. 2003; Strateva et al. 2005; Steffen et al. 2006), have
investigated an anticorrelation between αox and luv (the
log of the 2500 A˚ luminosity) in radio-quiet quasars. Fig-
ure 4 (described in §3.2) shows that the majority of the
sample is consistent with the Strateva et al. (2005, here-
after S05) αox - luv sample. Five sources, though, are
X-ray weak, even after a correction for E(B-V)spec is ap-
plied, and appear inconsistent with the S05 αox - luv
sample. All five have S/N<4, so no correction can be
made for NH .
We have made a statistical comparison between the
red quasar sample and the S05 sample. The S05 sam-
ple was selected from the SDSS using Data Release 2
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photometry, so aside from updates to the SDSS quasar
selection process between DR2 and DR3, the S05 quasar
selection is the same as that of the red quasar sample,
except for the red color cut. We simplified the compar-
ison of the two samples by noting that the red sample
luminosity is spread over a single decade, and for S05,
αox changes by only 0.16 in this luminosity range. We
thus restricted the luminosity range of both samples so
that we could apply the one-dimensional Kolmogorov-
Smirnov (K-S) test. The observed luminosity range of
both the red quasar and the S05 samples are restricted
to luv = 29.4-30.3 when comparing the uncorrected red
quasar sample (Fig. 4, open circles) to the S05 sample.
Since correcting αox for dust-reddening shifts the UV lu-
minosity to a brighter interval, we restrict the luminosity
range to luv = 29.7-30.8 when comparing the corrected
red quasar sample (Fig. 4, filled circles) to the S05 sam-
ple. This excludes only one member of the red quasar
sample (#17).
First we compare the complete red quasar sample (ex-
cluding the high luv source #17) with the S05 sample.
We find a K-S probability of 0.02% that the two sam-
ples come from the same parent population. Next, we
consider only the 11 sources for the K-S test where we
were able to correct for X-ray absorption (i.e. S/N >
4, black circles in Fig. 4), so that we can compare the
uncorrected and corrected αox- luv distributions to the
S05 sample. Comparing first the uncorrected red quasar
sample to the S05 sample, we find a probability of 10%
that the two samples come from the same parent popula-
tion. Then we compare the corrected red quasar sample
to the S05 sample, and we find a a K-S probability of
76%.
Six of 11 quasars with S/N>4 are intrinsically red, so
this suggests that intrinsically red quasars are not in-
trinsically X-ray weak compared to typical quasars, with
the exception of SDSS J1002+0203 (#5). However, their
peculiar SEDs make the physical interpretation unclear.
For sources with S/N<4, it is plausible that correcting
for absorption would significantly increase the K-S prob-
ability if the low S/N is due to large NH columns. We
find that if we apply a uniform correction to all of the
low S/N quasars, an absorption column of NH > 10
23
cm−2 is required to achieve a K-S probability of at least
1% that the red quasar sample is drawn from the same
parent population as the S05 sample.
4.5. X-ray Power-law Index
The mean X-ray photon index for sources with S/N >
4 is < Γ > = 1.58±0.09, with an intrinsic dispersion σΓ
= 0.3. Figure 8 plots Γ vs. S/N for each source with
S/N > 4, with the mean Γ plotted as a solid line for
reference, and the intrinsic dispersion plotted as dashed
lines. For sources with multiple observations, the photon
indices are averaged and the error plotted is the rms of
the measured errors.
The mean Γ in this sample is flatter than that of other
samples of quasar X-ray spectra including XMM-Newton
samples. For example, Mateos et al. (2005) found a
weighted mean < Γ > = 1.96±0.01 with an intrinsic dis-
persion σΓ = 0.4 for 1137 serendipitously-selected XMM-
Newton AGN. An investigation of 86 bright AGN de-
tected in the XMM-Newton COSMOS field (Mainieri et
al. 2007) gives < Γ > = 2.08±0.08, with an intrinsic dis-
Fig. 8.— Best-fit X-ray spectral slope (Γ) vs. signal-to-noise.
Objects classified as intrinsically red are marked as filled squares,
while the dust-reddened objects are marked as open circles. The
unclassified source (#10, §4.3) is plotted as a star. The average Γ
and the intrinsic dispersion for the red sample are plotted as solid
and dashed lines, respectively. The average Γ for the Mateos et
al. (2005) sample (< Γ > = 1.86) and the Mainieri et al. (2007)
sample (< Γ > = 2.08) are shown as dotted lines.
persion σΓ = 0.24. The two surveys are consistent within
errors. These mean values are plotted as dotted lines for
reference in Figure 8.
The measurement of NH can affect the measurement
of Γ. The contour plots in Figure 3 show that the two
variables are correlated so that the same spectrum may
be fit with a large NH column and steep Γ, or with a
smaller NH column and flatter Γ. Therefore, the flatter
mean Γ may be due to the effect of NH on the X-ray
spectra with lower S/N. Because the sources with higher
X-ray S/N have tighter upper-limits, the Γ-NH correla-
tion is less noticeable for these sources (e.g. Fig. 3, #14,
15, 16, 17).
Considering only the the intrinsically red group
(squares in Fig. 8), excluding #5 due its low X-ray S/N,
we find a mean Γ = 1.66±0.08, with an intrinsic disper-
sion of only σΓ = 0.06. This tight intrinsic dispersion
shows that most of the variance in the intrinsically red
group comes from measurement errors. Since the contour
plots in Figure 3 show that Γ and NH are not strongly
correlated for any of the intrinsically red quasars, the
flatter X-ray spectra cannot be explained by absorption.
A significantly flatter Γ may be explained via relation
to other quantities. The X-ray spectral slope of normal
quasars does not depend on optical luminosity or redshift
(Shemmer et al. 2005; Vignali et al. 2005), but does de-
pend slightly on X-ray luminosity (Dai et al. 2004; Saez
et al. 2008). However, the Γ-Lx correlation contains too
much intrinsic scatter (e.g. Figure 8 of Saez et al. 2008)
to make conclusive statements about the intrinsically red
quasars. The Γ-Lx corrrelation is not significant in the
red quasar sample.
The strongest correlation reported between X-ray pa-
rameters and other variables is between Γ and the Hβ
emission-line FWHM, where flatter X-ray spectral slopes
correlate with broader emission lines (Laor et al. 1997;
Shemmer et al. 2006). The Hβ emission line width is in
turn believed to be anti-correlated with the accretion rate
(Boroson & Green 1992; Brandt & Boller 1998). Nar-
row Line Seyfert 1’s (NLS1) lie on one end of the Γ-Hβ
correlation, with steep X-ray spectral slopes, narrow Hβ
lines (Brandt & Boller 1998; Grupe 2004), and accre-
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Fig. 9.— The histogram shows the MgII line widths (FWHM)
of the full sample in Shen et al. (2007) (open histogram), the
dust-reddened red quasars (line histogram), and the intrinsically
red quasars (filled histogram).
Fig. 10.— The well-known FWHM(Hβ-Γ relation is shown, using
the Grupe (2004) sample of Seyferts for reference. Broad-line
Seyfert 1’s are plotted as open circles and narrow-line Seyfert 1’s
are plotted as filled circles. For the red quasar sample, the width of
the MgII line is plotted instead of the Hβ due to its availability and
similarity to Hβ (§4.4). The intrinsically red quasars are plotted
as filled stars. Γ is not well-determined for the absorbed quasars
due to the high upper-limits on NH , so we do not plot them on
this plot.
tion rates close to the Eddington rate (Komossa 2007).
While the Hβ line is not visible in the optical spectra for
the red quasar sample, the broad MgII line is visible in
all of the intrinsically red spectra and has an ionization
potential similar to Hβ, and a FWHM that correlates
well with FWHM(Hβ) (McLure & Jarvis 2002). The
MgII line widths of all the red quasars are broader than
average (Figure 9). This may be due to our color and
redshift selection criteria, which biases the red quasar
sample towards objects with strong MgII lines. However,
the unabsorbed, flat X-ray spectral slopes combined with
the broad MgII lines put the intrinsically red quasars on
the correlation at the opposite end from NLS1’s (Fig-
ure 10)13. NLS1’s are believed to have accretion rates
close to the Eddington rate because of their narrow Hβ
lines and steep X-ray spectra (Komossa 2007). Steep
red optical/UV continua seem to be an effective means
of selecting this extreme population.
13 We do not plot the absorbed quasars on this plot because,
due to the high NH upper-limits, Γ is not well-determined for these
objects.
4.6. Properties of Intrinsically Red Quasars
In this section, we investigate the basic properties of
the intrinsically red quasars: their black hole masses
(MBH) and accretion rates (M˙). These values, and the
values from which they are derived, are listed in Table 12.
The black hole masses are calculated by assuming virial
motion of the broad-line clouds around the central black
hole, an assumption justified from reverbration mapping
(Peterson & Wandel 2000; Onken & Peterson 2002).
The FWHM of the broad MgII line can then be used to
determine the black hole mass using the following equa-
tion from McLure & Jarvis (2002):
MBH
M⊙
= 3.37
(
λL3000
1037W
)0.47 [
FWHM(MgII)
km s−1
]2
The luminosity at 3000 A˚ (L3000) gives the radius of
the BLR as determined by the RBLR-L relation obtained
from reverberation studies (e.g., Kaspi et al. 2000; Bentz
et al. 2006). This relation was derived for a normal BBB-
dominated SED. Since the BBB appears to be missing
from the intrinsically red quasars, the ionizing continuum
may be lower than normal; this would result in an overes-
timate of the black hole mass. Shang et al. (2005) show
that the BBB peaks at ∼1100 A˚, so αox is a good esti-
mate of the ionizing continuum. Since the intrinsically
red quasars have αox values within the normal range (cf.
Steffen et al. 2006), we can assume that the RBLR-L
relation is still valid for the intrinsically red quasars.
The apparent black hole masses for the intrinsically
red quasars are relatively high, ranging from ∼109 to
∼1010 M⊙ (cf. Shen et al. 2007).
We obtain the accretion rate from the bolometric lumi-
nosity: Lbol = ηM˙c
2. We assume an efficiency η = 10%.
Standard bolometric correction factors (e.g., Elvis et al.
1994; Kaspi et al. 2000) are not reliable for the intrin-
sically red quasars with their atypical SEDs. Instead,
we integrated the optical power-law (αopt) from 2,500
to 10,000 A˚, the nominal UV-to-X-ray power-law (αox)
from 2,500 A˚ to 2 keV, and the X-ray power-law (Γ) from
2-10 keV to give a rough approximation of the bolomet-
ric luminosity. Changing the break point between the
two power-laws from 2500 A˚ to, e.g. 1150 A˚ (Shang et
al. 2005), or even to 1000 A˚, has a small effect on
Lbol. Since object #17 is a lensed quasar, we reduce its
luminosity by the modeled magnification factor, M=15
(Chartas 2000). Although we have no mid-IR data for
these quasars, IR emission accounts for∼40% of the bolo-
metric luminosity for a typical quasar SED (Richards et
al. 2006). Therefore, if the intrinsically red quasars are
similar, the IR emission will not change the total lumi-
nosity, and so the accretion rate, by more than a factor
of a few. To constrain this estimate, we searched the
IRAS Point Source Catalog and the Faint Source Cat-
alog (FSC) for the red quasars, but found no matches.
Sources in the FSC14 have flux densities greater than
200 mJy at 60 µm, which gives an upper-limit to λLλ(60
µm)/Lbol . 7.0. This constrains the IR emission to be
less than an order of magnitude of the bolometric lu-
minosity. The estimated bolometric luminosities give a
14 http://irsa.ipac.caltech.edu/IRASdocs/surveys/fsc.html
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TABLE 12
Black hole masses and accretion rates of intrinsically red quasars
ID SDSS name FWHM(MgII) MBH Lbol M˙
a M˙/ ˙MEdd
km s−1 109 M⊙ 1045 ergs s−1 M⊙ yr−1
5 SDSS J1002+0203 10,800 9.1 2.5 0.5 0.002
12 SDSS J1133+4900 9,100 3.3 4.2 0.7 0.010
13 SDSS J1254+5649 8,200 0.68 1.6 0.3 0.019
14 SDSS J0959+0209 23,200 9.9 1.6 0.3 0.001
15 SDSS J0958+0213 10,500 1.3 2.5 0.5 0.015
16 SDSS J1053+5735 5,400 0.76 3.4 0.6 0.035
17 SDSS J0913+5259 6,000 3.9 2.6 0.5 0.005
aThe accretion rate calculated from Lbol = ηM˙ c
2, where η = 0.1.
Fig. 11.— Black hole mass (M⊙) is plotted against the accretion
rate (M⊙ yr−1). The Eddington accretion rate is plotted for a
reference as a solid line, while correspondingly smaller fractions of
the Eddington luminosity are plotted as dash-dotted, dashed, and
dotted lines respectively, as labeled in the plot.
lower bolometric correction compared to previous work.
Lbol/λL3000 = 2.6 ± 1.6 for the intrinsically red sample, a
factor 2.4 lower than that obtained by Elvis et al. (1994)
(6.3 ± 3.1).
Using Lbol, we find that the intrinsically red quasars
have relatively low accretion rates (Figure 11). The
intrinsically red quasars lie clustered between ∼0.001-
0.03 ˙Medd. In comparison, typical accretion rates for
optically or UV-selected quasars range from M˙/ ˙Medd ∼
0.03 - 10.0, with a median value of ∼0.6 (Warner,
Hamann & Dietrich 2004; Bonning et al. 2007). The
low accretion rates of the intrinsically red quasars are
in agreement with their position on the Γ-FWHM(MgII)
correlation (Fig. 10, §4.5)
5. INTRINSICALLY RED QUASARS: PHYSICAL MODELS
We have found a substantial subset of red quasars
whose red colors are probably due to intrinsically red
optical emission in the optical/UV rather than dust-
reddening. This subset comprises a large fraction (7/17
∼ 40%) of SDSS quasars with (g − r) ≥ 0.5. Note that
this is based on color selection; selection via relative col-
ors (e.g. ∆(g − i) > 0.35) would likely change the fre-
quency of intrinsically red quasars because dust-reddened
quasars have a redder color distribution than intrinsi-
cally red quasars (§4.2). For redshifts z ∼ 1 - 1.5, the
Small Blue Bump reddens the observed g − r colors re-
sulting in similar samples, whether selected by color or
color excess. However, for redshifts z ∼ 1.5 - 2, the g− r
color decreases; for this range, selection via color excess
would increase the number of quasars with smaller color
excesses, thereby possibly increasing the fraction of in-
trinsically red quasars.
Quasars with intrinsically red SEDs have been dis-
cussed before (e.g., Risaliti et al. 2003; Hall et al. 2006,
see §1). For example, the intrinsically red quasars found
by Hall et al. (2006) do not show absorption in the op-
tical or X-ray continua, yet they also have steep optical
slopes (< αopt > = -1.0, σαopt = 0.2), determined via fits
to the SDSS spectra.
Intrinsically steep optical power-laws suggest that
these quasars have a different continuum emission mech-
anism from ordinary quasars. We consider 3 possibil-
ities to explain the red optical power-laws: (1) strong
synchrotron emission visible in the optical, (2) a high-
temperature BBB, which exposes the red power-law that
may underlie typical optical emission, or (3) a low-
temperature BBB resulting from a low accretion rate,
such that the steep, high-energy tail of the BBB is visi-
ble in the optical.
5.1. Synchrotron Emission
Synchrotron radiation could result in a red optical
power-law. However, typical synchrotron emission can
be discounted for two reasons. First, synchrotron radia-
tion is strongest in the radio, with a turnover frequency
at νm = 10
11 Hz (Marscher 1995). Therefore, we would
expect strong radio emission in all of the intrinsically red
quasars, when in fact only one can be classified as radio-
loud (Table 1). Second, even if a higher than normal
turnover frequency allowed the synchrotron emission to
dominate in the optical, the superposition of synchrotron
emission on a BBB would result in a ‘U’-shaped spectrum
(Fig. 2 of Francis et al. 2000). This is not observed in
any of the optical spectra.
5.2. Exposed Underlying Power-law
A red power-law is sometimes proposed to underlie the
BBB in other quasars (Malkan & Sargent 1982; Ward
et al. 1987; Lawrence 2005). If the BBB were re-
moved or diminished, this underlying power-law would
be exposed. One way of “removing” the BBB is to shift
it to higher temperatures. Possible examples of high-
temperature BBB’s exposing a red, underlying optical
power-law are known: the narrow-line Seyfert 1 galax-
ies RE J1034+396 (Puchnarewicz et al. 1995a) and RE
J2248-511 (Puchnarewicz et al. 1995b). In these objects,
the optical power-law slopes are -1.3 and -0.9, respec-
tively. RE J1034+396 is an EUV-selected source with
an ultrasoft X-ray excess that peaks near 0.4 keV. The
effective maximum temperature of the accretion disk is
T ∼ 106 K (log νmax ∼16.8), more than an order of mag-
nitude hotter than typical quasar accretion disk temper-
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atures (T ∼ 104.5 K, log νmax ∼15.3, Malkan & Sargent
1982). The optical spectrum of this source shows no signs
of a BBB. RE J2248-511 also has a high-energy turnover
at around 0.25 keV, but a blackbody is a poor fit to the
X-ray data.
The presence of an underlying power-law may be ex-
plained by weak synchrotron emission from an associated
jet emitting at a large angle to the line of sight. This syn-
chrotron emission would necessarily be weak for a radio-
quiet object, which is why the BBB must be removed or
otherwise modified in order for the red power-law to be
visible in the optical. Alternatively, unsaturated Comp-
tonization of a seed spectrum can produce a power-law
over seven decades in frequency (e.g., Maraschi, Treves
& Roasio 1982).
Assuming a simple model of the accretion disk as a
sum of blackbodies, Lawrence (2005) showed that quasar
SEDs scale homologously with temperature, such that
hotter AGN have thermal peaks at higher frequencies. If
the local temperature of the disk is due to the release
of the gravitational binding energy, then the tempera-
ture of the accretion disk scales homologously with the
accretion rate. Since the MBH determines the inner ra-
dius of the accretion disk, scaling with black hole mass
is model-dependent and non-homologous; however, sim-
ple models show that a less massive black hole will have
a hotter maximum effective disk temperature (Lawrence
2005). Therefore, high accretion rates and/or low black
hole masses could shift the BBB to higher tempera-
tures/energies.
Neither high accretion rates nor low black hole masses
are observed in the intrinsically red quasars (§4.6), but
since the SDSS/XMM red quasars have relatively high
redshifts (z ∼ 1-2), a soft X-ray turnover similar to
that found in the Puchnarewicz et al. (1995a,b) objects
would be shifted to ∼0.4 keV/(1+z) = 0.1-0.2 keV. This
turnover would lie below the observed XMM-EPIC en-
ergy band (0.5-10 keV). A hidden BBB in the EUV or
soft X-rays would increase the bolometric luminosity,
thereby increasing the accretion rates. However, an in-
crease in the ionizing continuum would mean that the
black hole mass calculations are underestimates. Since
the effective maximum disk temperature goes roughly as
T ∝ (M˙1/4M
−1/2
BH ), a NLS1 (<MBH > ∼ 10
6 − 107 M⊙,
Grupe & Mathur 2004) can achieve an effective max-
imum disk temperature of 106 K at normal accretion
rates, but highly super-Eddington conditions (L/LEdd ∼
103) are required for a quasar with MBH ∼ 10
9M⊙ to
reach the same temperature. If the black hole masses
are underestimates, then even higher accretion rates are
required. Therefore, a high-temperature BBB is unlikely
to explain the intrinsically red quasars.
5.3. The Tail of a Low-Temperature Big Blue Bump
Low disk temperatures due to low accretion rates
and/or large black hole masses should shift the peak of
the Big Blue Bump to longer, near-infrared wavelengths
(Frank, King & Raine 2002, p. 90) . Our bolomet-
ric luminosity estimates for the intrinsically red quasars
suggest accretion rates ∼10-100 times lower than typi-
cal quasars (Fig. 11, §4.6). The low accretion rate hy-
pothesis is supported by the uniformly flat X-ray spec-
tral slopes and broad MgII lines of the intrinsically red
quasars (Fig. 10, §4.5). We can determine the temper-
ature of the thermal peak expected for the calculated
accretion rate using the scaling relation developed by
Lawrence (2005). A typical quasar has an effective max-
imum temperature ∼104.8 K (Malkan & Sargent 1982);
this corresponds to a BBB peak at log νmax ∼ 15.6.
Assuming a conservative accretion rate of 0.1 ˙MEdd for
the Elvis et al. (1994) SED, an intrinsically red quasar
accreting at a rate lower by a factor 10 will be a factor of
(10)1/4 ∼1.8 lower in temperature, so the BBB will peak
at log νmax ∼ 15.3. The most extreme accretion rate
(0.001 ˙MEdd, #14) gives a BBB peak at log νmax ∼ 15.1
We can model the low disk temperature expected from
a low accretion rate using a simple template SED. The
CLOUDY package approximates the AGN SED with a
toy model (Ferland 2001):
Fν = Aν
−αuve−hν/kTcut +Bναx
The A and B constants are normalizations for the opti-
cal/UV and X-ray terms, respectively. The UV and X-
ray slopes are power-laws (αuv and αx), where Fν ∝ ν
α.
The high-energy cut-off, kTcut, corresponds to the max-
imum accretion disk temperature. We performed a qual-
itative fit, first to the Elvis et al. (1994) SED, and then
to the intrinsically red quasar SED. For the Elvis et al.
(1994) SED, we use αuv = -0.5, αx = -1, and Tcut =
104.8 K. For the intrinsically red SEDs, we change αx
to the value obtained in the X-ray fit, and we change
Tcut by the amount expected for the lower accretion rate,
calculated according to the Lawrence (2005) scaling re-
lation. Since the UV power-law defines the rise of the
BBB, we do not change αuv. Figure 12 shows the SED
data and model fit for all seven intrinsically red quasars.
The figure demonstrates that a lower disk temperature
qualitatively reproduces the observed red power-law for
four objects. Two objects (#15 and #16) are better fit
with a an accretion rate an order of magnitude smaller
than that shown. A third object (#5) is not fit well by
any model.
6. CONCLUSIONS AND FUTURE WORK
We have cross-correlated the SDSS DR3 Quasar Cat-
alog (Schneider et al. 2005) with the XMM-Newton
archive, selecting the reddest (g − r ≥ 0.5), moderate-
redshift (0.9 < z < 2.1) quasars. We obtain a sample
of 17 quasars, 16 of which are detected in the X-rays.
Using both optical and X-ray data to constrain dust-
reddening and absorption allowed us to distinguish be-
tween obscured and intrinsically red quasars, although
two cases remain ambiguous.
Eight quasars are dust-reddened in the optical and,
while the X-ray data prefer an unabsorbed power-law,
the upper-limits are high enough that X-ray absorption
at the level expected for an SMC dust-to-gas ratio is al-
lowed. For the three quasars with high enough X-ray S/N
to fit a power-law + intrinsic absorption model, we ob-
tain upper-limits of 3 - 13 x 1022 cm−2. For five sources,
the X-ray S/N is too low to fit spectral models. How-
ever we can obtain a lower-limit to NH by comparing
the αox − luv distribution of the red quasar sample to
that of Strateva et al. (2005), a recent study that uses a
similar selection method, aside from the red color cut. If
the two samples come from the same parent distribution,
18 M. Young et al.
Fig. 12.— The SED is plotted as a solid black line for the intrinsically red sources #5,#12-#17, starting with #5 in the top left panel,.
Units are log(νLν) [ergs s−1] vs. log(ν) [Hz]. The Elvis et al. (1994) SED is overplotted for reference as a dotted black line. A toy SED
model employing a simple ‘disk’ shape and parameters as described in §5.3 is overplotted as a solid, blue line to match the Elvis et al.
(1994) SED. A second toy model is calculated, where all the parameters remain the same except that the cut-off temperature is reduced by
the amount expected from the calculated accretion rate (§5.3). This second model is overplotted as a solid, red line. The optical power-law
(αopt) and the optical-to-X-ray power-law (αox) are overplotted as dashed lines. 90% errors on the X-ray power-law are plotted as a bow
tie. Each plot is labeled with the SDSS name.
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an absorbing column of at least 1023 cm−2 is required for
the five red quasars.
Seven quasars display no evidence of X-ray absorp-
tion, and dust-reddening is contraindicated by the con-
tinuum shape as determined by the optical photometry.
These quasars seem to form a group with intrinsically
red power-laws in the optical/UV. It seems that these
intrinsically red power-laws may be caused by lower ac-
cretion rates: low accretion rates are derived from MBH
and Lbol estimates, although the MBH values may be
biased high by the red SED’s. Moreover the unusually
broad MgII emission lines place these quasars on the Γ-
FWHM(MgII) relation, also suggesting lower accretion
rates.
The intrinsically red quasars are a substantial popula-
tion with extreme characteristics that are well-suited to
X-ray follow-up. Since 7 intrinsically red quasar candi-
dates have been found in the 1% of the SDSS DR3 quasar
catalog that overlaps with archival XMM-Newton obser-
vations, as many as 700 intrinsically red candidates may
exist in the complete catalog. Since the DR6 has more
than doubled the number of SDSS quasars, we can expect
1600 intrinsically red quasar candidates, 16 of which have
been observed serendipitously with the XMM-Newton.
The intrinsically red quasar candidates in this paper also
merit further observations in order to confirm the lack of
dust-reddening and pinpoint the physical cause of the
red optical power-laws. For example, NIR (e.g. JHK)
spectra would include Hα and Hβ, and so could give an
independent measure of dust-reddening via the Balmer
decrement. NIR measurements will also constrain a low-
temperature disk model, as well as Lbol and so M˙ . With
optical and X-ray spectra already available, the intrinsi-
cally red quasar candidates described in this paper are
well-suited to more complex SED modeling.
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